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Exogenous eCG for stimulation of a single dominant follicle or for superovulation are
common strategies to improve reproductive efﬁciency by increasing pregnancy rates and
embryo production, respectively. Morphofunctional changes in the CL of eCG-treated cattle
include increases in CL volume and plasma progesterone concentrations. Therefore, we
tested the hypothesis that eCG alters the content of luteal cells and mitochondria related to
hormone production. Twelve crossbred beef cows were synchronized and then allocated
into three groups (four cows per group) and received no further treatment (control) or
were given eCG either before or after follicular deviation (superovulation and stimulation
of the dominant follicle, respectively). Six days after ovulation, cows were slaughtered and
CL collected for morphohistologic and ultrastructural analysis. Mitochondrial volume per
CL was highest in superovulated followed by stimulated and then control cows (18,500 
2630, 12,300  2640, and 7670  3400 mm3; P < 0.001), and the density of spherical
mitochondria and the total number of large luteal cells were increased (P < 0.05) in
stimulated cows compared with the other two groups (110.32  14.22, 72.26  8.77, and
70.46  9.58 mitochondria per mm3 and 678  147, 245  199, and 346  38  106 cells,
respectively. However, the largest diameters of the large luteal cells were increased in
superovulated and control cows versus stimulated ones (32.32  0.06, 31.59  0.81, and
29.44  0.77 mm; P < 0.0001). In contrast, the total number of small luteal cells was
increased in superovulated cows (1456  268, 492  181, and 822  461  106, P < 0.05).
In conclusion, there were indications of cellular changes related to increased hormonal
production (stimulatory treatment) and increased CL volume (superovulatory treatment).
 2013 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction number and shape coincide with metabolic demandsThe bovine CL undergoes morphologic adaptations,
manifested as increased luteal cell number and diameter, or
biochemical changes (e.g., augmented expression of
enzymes involved in progesterone synthesis [1]). Mito-
chondria are directly involved in steroidogenesis and their: þ55-11-30917805.
pa).
3
vier OA license.during the estrous cycle and various stages of embryo
development [2,3].The use of exogenous gonadotropins to
control gametogenesis and ovarian endocrine function has
increased in the past 10 years [4]. Gonadotropins, which are
glycoprotein hormones, include LH and FSH from the
anterior pituitary, and hCG and eCG, which are currently
widely used in human and veterinary medicine [5].
Exogenous eCG is used to superovulate cattle (dose,
approximately 2000 IU) or to improve the quality of the
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during ﬁxed time AI. Treatment with eCG affects the follicle
and the ensuing CL, including increased CL diameter and
function (namely, increased plasma progesterone concen-
trations [4,6]).
Plasma concentrations of both progesterone and estra-
diol are increased in cows given eCG [7–9]. The ﬁrst ste-
roidogenic step stimulated by gonadotropins is the transfer
of cholesterol from the outer to the inner mitochondrial
membrane, where it is converted to pregnenolone by the
enzyme cytochrome P450 through cleavage of the choles-
terol side chain [10–12]. This transport is mediated by
several factors [13,14], although expression of steroidogenic
acute regulatory (STAR) protein appears to be the limiting
step [15–17]. Both STAR protein and mRNA expression were
upregulated in cows given eCG, as was expression of
peroxisome proliferator-activated receptor gamma protein
andmRNA, an important regulator of lipid biosynthesis [18].
Although the capacity of small and large luteal cells to
produce progesterone in response to gonadotropin has been
already established [19], there are apparently no reports
regarding the content of luteal cell populations and mito-
chondria volume and shape in CL after exogenous eCG for
superovulatory or stimulatory treatments.
A marked increase in metabolic function might be
characterized by changes in mitochondrial shape and
number [20], and numbers of large and small luteal cells [3]
to increase steroid production. Because progesterone
plasma concentration increases in cattle treated with eCG
[6,18], we hypothesized that eCG treatment for either
single dominant follicle stimulation or for superovulation
increases numbers of luteal cells and organelles involved in
luteal progesterone synthesis.
2. Materials and methods
Twelve, nonlactating, crossbred (Nelore  Angus) cows
aged between 2 and 5 years were used. These cows were
kept on pasture and supplemented with ground corn
(17.03%), soybean meal (4.65%), urea (1.13%), ammonium
sulfate (0.11%), minerals (1.69%), salt (0.53%), and corn
silage (74.86%). All procedures were approved by the
Committee in Ethics for the Use of Experimental
Animals of the Faculty of Veterinary Medicine and Animal
Sciences, University of São Paulo, SP, Brazil (protocol
number1637/2009). Before the experiment began, all cows
were evaluated for body condition score on a scale of one to
ﬁve [21] and for ovarian status by transrectal palpation, as
described [22]. Only cows with a body condition score
between 2.0 and 3.0 were selected.
2.1. Hormonal treatments
Cows were randomly distributed into three groups:
control (N ¼ 4), superovulated (N ¼ 4), and stimulated
(N ¼ 4, Fig. 1). Brieﬂy, on Day 0 (random day of the estrous
cycle), all animals receivedan intravaginaldevice containing
1 g of progesterone (bovine intravaginal device; proges-
terone: 1 g; Primer, Technopec, São Paulo, SP, Brazil) and 2
mg estradiol benzoate im (Estrogin, Farmavet, São Paulo, SP,
Brazil). On Day 8, intravaginal devices were removed fromcontrol and stimulated cows, and 0.15 mg of d-cloprostenol
(PGF2a; Prolise; Arsa, Buenos Aires, Argentina) was given.
Control cows did not receive eCG (Novormon; Syntex, Bue-
nos Aires, Argentina), and those in the stimulated group
received 400 IU on Day 8. At 48 hours after device removal,
control and stimulated cows received 0.025 mg of lecirelin
(GnRH; Gestran Plus, Arsa). Superovulated cows received
2000 IU of eCG on Day 4 and 0.15 mg of PGF2a on Day 6. On
Day 7, deviceswere removed, and anotherdose of PGF2awas
given, with 0.025 mg GnRH given 12 hours later. Six days
after ovulation, cows were slaughtered, ovaries collected,
and corpora lutea dissected for subsequent processing.2.2. Light microscopy
After dissection, CL were submerged in 2.5% para-
formaldehyde for tissue ﬁxation and conventional
embedding procedures. Parafﬁn blocks were cut into 3 mm
sections using a microtome (Leica RM 2125 RT; Wetzlar,
Germany), and sections were stained with hematoxylin-
eosin for observation under a light microscope (Olympus
BX 60, Olympus, Tokyo, Japan) at magniﬁcation 400.
Large and small luteal cells (LLC and SLC) were counted,
and the largest diameter of these cells was measured
with AxionVision 4.8 software (Cameras Zeiss AxioCam,
Oberkochen, Germany). Micrographs were taken along the
vertical and horizontal diameters, forming an imaginary
cross where one ﬁeld did not overlap with the next one,
thereby preventing cells from being counted twice. Then,
micrographs were randomly selected from three cows per
group (total of 30 micrographs counted for each group). To
determine numerical density of LLCs and SLCs, the
following formulas (Eq. 1 and 2) were used:




where (AT) is the total area; AM is the area of the
micrograph; NM is the total number of micrographs; Mag is
the magniﬁcation; NA is the numerical density; and
P
Q is
the total number of cells counted in 10micrographs divided
by the total area AT.
The total number of SLCS and LLCs was estimated by
multiplying the numerical density with CL volume
(1495.18 137.01,1177.37 167.07, and 830.33 234.99 for
superovulated, stimulated, and control cows, respectively).
Measurements of the largest diameter of the LLCs and
SLCs were made for 200 cells per cow using the same
micrographs. The mean of these values was calculated and
used for further analysis.2.3. Transmission electron microscopy
The CL were cut into four fragments from the periphery
and four fragments from the center, each measuring
3 mm3. All fragments were ﬁxed in modiﬁed Karnovsky
solution containing 2.5% glutaraldehyde (Merck, Darm-
stadt, Germany) and 2% paraformaldehyde (F1021-01 BL;
Fig. 1. Hormonal treatment protocol for estrous synchronization, stimulation of the dominant follicle, or superovulation showing the timetable for estradiol
benzoate (BE), progesterone (P4) device, PGF2a (prostaglandin F2a), gonadotropin releasing hormone (GnRH) or equine chorionic gonadotropin (eCG) admin-
istration. A, afternoon; D, day after protocol begin; M, morning.
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sodium phosphate buffer 0.1 mol/L (pH 7.3) for 24 hours at
4 C, as reported [23]. The postﬁxation procedure was done
in 2% buffered osmium tetroxide solution (Osmium
Tetroxyde; ElectronMicroscopy Sciences, Hatﬁeld, PA, USA)
for 2 hours at 4 C. A third ﬁxative, 0.5% uranyl acetate, was
used overnight. The tissue was subsequently soaked in
propylene oxide (Propylene Oxide; Electron Microscopy
Sciences), and an inﬁltration process was started in which
Spurr Resin (Low Viscosity Embedding Kit; Electron
Microscopy Sciences) was mixed with propylene oxide in
a ratio of 1:1, followed by rotary shaking for 4 hours.
Thereafter, the mixture was exchanged for pure Spurr
Resin, and the material was left in the rotary mixer for 18
hours with the tube lid open. Final embedding was in pure
resin, with the material maintained at 60 C for 72 hours.
Blocks were cut into semithin sections (approximately
0.5 mm), which were mounted on glass slides and stained
with 0.5% toluidine blue solution for study under a light
microscope (Olympus BX 60). Ultrathin sections (90 nmthick) were collected on 200 mesh copper screens
(G200-Cu, Electron Microscopy Sciences). The contrast
agent was uranyl acetate [23]. Observation was performed
in a transmission electron microscope Morgagni 268 (FEI
Company, Hillsboro, OR, USA) through the Mega View Soft
Imaging System.
2.4. Stereology after transmission electron microscopy
The sampling process began with a random selection of
two blocks from each cow. Three magniﬁcations were
needed to show the components of the bovine CL. The total
number of micrographs per animal was 48, including eight
low-magniﬁcation micrographs (magniﬁcation 3600) to
show the whole cell, eight micrographs of intermediate
magniﬁcation (magniﬁcation 11,000), and eight of high
magniﬁcation (magniﬁcation 22,000), focusing on the
mitochondria. A counting frame containing random points
was superimposed on low-magniﬁcation micrographs,
enabling calculation of the numerical density of
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mated by counting the points that overlapped the
mitochondria.
The absolute volume (Vm) was calculated by multi-
plying themitochondrial volume per cell and the volume of
the CL; the latter was calculated using the formula for an
ellipsoid [3/4 pi (width/2) (height/2) (depth/2)]. Analysis of
the estimated volume of mitochondria per unit area (Nam)
[24], was based on the number of mitochondria (Nvm)
counted in transected unit area of a random cut, divided by
the total number of points of the frame (Nam ¼ Nvm/total
number of points).
According to an established principle [25], it is neces-
sary to know the shape of the structures to calculate
a relationship between Na (area) and Nv (volume) as
a dimensionless coefﬁcient, namely, b. Based on previous
knowledge of the volume (Vvm) occupied by mitochondria
in the tissue, the following formula was used, where
b ¼ 1.382 or 2.25, which are suitable for spheroid and
ellipsoid mitochondria, respectively [26].
Nvm ¼ 1:05 Nam3=2=b Vvm1=2 (Eq. 3)
2.5. Immunoﬂuorescence
Immunoﬂuorescence was used for qualitative assess-
ment of mitochondrial density. To that end, parafﬁn
embedded tissue was sectioned in 3 mm thick histological
sections, and antigen retrieval was performed by placing
the slides in sodium citrate buffer (pH 6.0) that had been
heated (96 C for 10 minutes). Permeabilizationwas carried
out by incubating the slides for 15 minutes in PBS con-
taining 0.2% Triton X-100 (Triton; Merck) followed by
peroxidase blocking (Ref. S2001; Dako, Carpinteria, CA,
USA) for 30 minutes. Next, slides were incubated with
Protein Block (Ref. X0909, Dako) for an additional
30minutes before overnight incubation in a moist chamber
at 4 C using the primary antibody (Complex V-OxPhos
protein inhibitor, mouse IgG, monoclonal antibody 5E2,
A21355; Invitrogen, Carlsbad, CA, USA) diluted 1:200. On
the second day, slides were incubated with a secondary
antibody containing a ﬂuorophore (Alexa Fluor 488 goatTable 1
Volume and density of mitochondria, number and diameter of small and large lut
per group).
Parameter
Mitochondrial volume per cell (%)
Mitochondrial volume per CL (mm3)
Numerical density of spherical mitochondria per CL (mitochondria per mm3)
Numerical density of elongated mitochondria per CL (mitochondria per mm3)
Density of LLCs (103 per mm3)
Total number of LLCs per CL (106)
Density of SLCs (103 per mm3)
Total number of SLCs (106)
Largest diameter of LLCs (mm)
Largest diameter of LLCs  number of LLCs (mm)
Largest diameter of SLCs (mm)
Largest diameter of SLCs  number of SLCs (mm)
Abbreviations: LLCs, large luteal cells; SLCs, small luteal cells.
a–c Within a row, means without a common superscript differed (P < 0.05).anti-mouse IgG; A11029, Invitrogen) diluted 1:250 for 2
hours in the dark. Vectashield (mounting medium for
ﬂuorescence with DAPI-H-1200, Vector Laboratories Inc.,
Peterborough, UK) was used to set the slides before sealing,
which was also performed in the dark. Slides were stored in
the dark at 4 C until the material was observed and pho-
tographed under a lightmicroscope (Olympus BX 60), using
the AxioVision 4.8 program (AxionCam HRc; Zeiss).2.6. Statistical analysis
Values are reported asmean SD.Meanswere analyzed
using a nonparametric two-tailed t test. When variances
were signiﬁcantly different, a nonparametric two-tailed
t test with Welch correction was applied. Means of the
control, stimulated, and superovulated groups were
analyzed by one-way ANOVA, followed by the Tukey test. A
probability level of P < 0.05 was considered signiﬁcant.
Statistical analyses were performed using the GraphPad
Prism software (version 4.00 for Windows, GraphPad
Software, San Diego, CA, USA).
3. Results
3.1. Large and small luteal cell numbers and diameters
derived from eCG-treated and nontreated cows
As assessed by light microscopy, the numerical density
and the total number of LLCs were increased in CL of
stimulated versus control or superovulated cows (Table 1).
In contrast, the numerical density and total number of SLCs
in CL of superovulated cows was increased (P  0.0001)
relative to the control and stimulated groups (Table 1).
When the largest LLC diameter wasmeasured (in 200 LLCs),
there was a signiﬁcant difference among groups; the
largest SLC diameter also differed between the super-
ovulated and control or stimulated cows (Table 1). In
control and superovulated cows, the LLC diameter was
larger than in stimulated cows. When the diameter was
multiplied by the number of cells, the resulting values
emphasized the increased capacity of the CL of stimulatedeal cells (mean  SD) of control, superovulated and stimulated cows (N¼ 4
Treatment
Control Superovulatory Stimulatory P
0.10  0.007 0.12  0.009 0.11  0.01 >0.05
7670  3400a 18,500  2630b 12,300  2640c <0.001
70.46  9.58a 72.26  8.77b 110.32  14.22b <0.05
99.02  55.43 44.38  5.38 67.76  8.73 >0.05
255  104a 202  56a 556  60b <0.005
245  199a 346  38a 678  147b <0.05
735  58a 894  65b 764  80a <0.0001
492  181a 1456  268b 822  461a <0.0001
31.59  0.81a 32.32  0.06a 29.44  0.77b <0.0001
1917  835a 1567  574b 4108  894c <0.0001
19.21  0.71a 17.33  0.52b 18.99  1.74a <0.05
3382  126 3727  272 3505  170 >0.05
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subsequently by superovulated cows [18]. For SLCs, there
was no signiﬁcant difference among the three groups.3.2. Ultrastructural characterization of luteal cells derived
from eCG-treated and nontreated cows
Under transmission electron microscopy, luteal cells of
eCG treated and nontreated animals were characterized
under magniﬁcation 11,000 and 22,000 before stereo-
logical analysis. The LLCs had a uniform polyhedric shape
and were from 25 to 50 mm at their largest diameters. In
contrast, SLCs were irregularly shaped and measured no
more than 15 to 20 mm, although their margins were more
difﬁcult to deﬁne. Regarding the cellular shape of LLCs and
SLCs, there were no differences among groups.
Mitochondria volume (Nam) in luteal cells (LLCs and
SLCs together) did not vary among the three groups
(Table 1). In contrast, when the volume of mitochondria
was normalized to the CL volume (Vm), there were signif-
icant differences between the superovulated group and the
control and stimulated groups (Table 1). These ﬁndings
were conﬁrmed by immunoﬂuorescence using a mono-
clonal antibody raised against Ox-Phos V complex present
in phosphorylatedmitochondria. The presence of increased
total mitochondrial volume in the CL from superovulated
followed by stimulated and control animals is shown
(Fig. 2).
Mitochondrial shape was elongated or spherical, with
both types present in all three groups. Nevertheless, the
numerical density of spherical mitochondria (Vvm) wasFig. 2. Immunoﬂuorescence using a monoclonal antibody raised against complex V
using isotype control antibody; (B) nontreated (control) group; (C) stimulated gr
complex V Ox-Phos, highlighting increased expression in superovulated cows. Barsincreased in the stimulated group; however, Vvm of elon-
gated mitochondria did not differ among groups (Table 1).
4. Discussion
The present study documented that exogenous eCG
altered the content of luteal cells and mitochondria related
to progesterone synthesis in cows subjected to superovu-
lation or timed AI programs. Morphologic analysis of the CL
and luteal cells was undertaken to characterize, at the
ultrastructural and cellular levels, potential changes related
to increased progesterone production. Mitochondria
volume, and mitochondria shape, LLC, and SLC number and
diameter, were increased in cows treated with eCG.
Increased progesterone production and CL volume [18]
were also detected in cattle undergoing single dominant
follicle stimulation and superovulation, respectively.
In the present study, eCG treatment in cows with single
dominant follicles induced a signiﬁcant increase in the
density (Vvm) of spherical mitochondria in the CL, which
are involved in steroid production [27], and consequently
in increasing uterine gland secretion and embryo-bearing
capacity [28] or development [2]. Mitochondria number
and shapewere augmented while periovulatory changes or
luteal development occurred [2,3,7]. An increased mito-
chondrial capacity for pregnenolone production after eCG
treatment has been well documented [29]. Moreover, this
structural change in the luteal cells gives support to
biochemical changes, which include the capacity to
synthesize progesterone instead of 17b-estradiol [30–32].
The site of pregnenolone synthesis, the immediate
precursor of progesterone, is the inner mitochondrialOx-Phos present in phosphorylated mitochondria. (A) Negative control setup
oup; and (D) superovulated group. Arrows indicate luteal cells stained for
¼ 50 mm.
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more, LH, an adenohypophysial gonadotropin, increases
expression of CYP11A (the gene encoding cytochrome
enzyme P450), and is thought to increase both STAR mRNA
and protein [34], the rate-limiting factor in transportation
of cholesterol from the outer to the inner mitochondrial
membranes [16]. Indeed, cows submitted to stimulatory
treatment in the present study also had increased expres-
sion of STAR protein andmRNA [18], a ﬁnding that occurred
in parallel with the increased density of spherical
mitochondria.
Cows subjected to the stimulatory treatment, when
compared with superovulated and control cows, had
increased numbers of LLCs, despite the decreased values of
their largest diameter. It is well documented that LLCs are
the main progesterone-producing cells in the CL [26,32]. In
accordance with published results on minimum LLC
diameters [35], we characterized LLCs as the cells
measuring 20 to 50 mm in their largest diameter. Alongwith
an acquisition of ultrastructural changes, eCG also induced
tissue modiﬁcations directly related to progesterone
synthesis. Although luteal cell diameter provides some
insight regarding progesterone production capacity, based
on the present ﬁndings, we inferred that increased
progesterone production in stimulated cows was due to the
increased numbers of LLCs, because their basal proges-
terone secretion is 7-fold more than SLCs [19].
Conversely, the superovulation protocol, commonly
used for donor cows, increased total volume of mitochon-
dria (Vm), in agreement with Novin et al. [36], and might
reﬂect total cellular production capacity, including for
steroids and protein [36], and respiratory chain activation
[37]. Repeated ovulation interferes with the structure and
function of the ovaries and their mitochondria [38]. One
explanation for this ﬁnding is that administration of
gonadotropin accounts for stimulation of luteal features
without an induction of oxidative stress, whereas super-
ovulatory treatment leads to a hyperexposure of luteal
tissue to degrading factors, such as decreased mitochon-
drial DNA and superoxide dismutase 2 content, which
could be reverted by L-carnitine at a mitochondrial-speciﬁc
level [38]. Perhaps this explains why antioxidants might
antagonize the deleterious effects of high-dose gonado-
tropin treatment [39]. Moreover, the heterogeneity of
responses after superovulatory treatments [6] might be
also because of the unpredictable nature of oxidative stress
[40] and the availability of endogenous antioxidants in the
mitochondria. When mitochondria use oxygen for oxida-
tive phosphorylation and pregnenolone synthesis [41], it is
possible that oxidative stress might interfere with meta-
bolic and hormonal processes occurring within the mito-
chondria. The increased total number of SLCs per CL in
superovulated cows contributed directly to the increased
total plasma progesterone concentrations in these cows.
Although SLCs secrete less progesterone than LLCs at
a basal rate, they secrete 10-fold more progesterone when
stimulated by gonadotropins [19]. Our superovulated cows
had, on average, 19 CL and 85.12 ng/mL of plasma proges-
terone [18], probably because of the 4- and 1.8-fold
increased number of SLCs per CL in relation to control
and stimulated cows, respectively.The CL volume was signiﬁcantly different among the
three groups [18]; volume was highest for superovulated
cows, followed by stimulated and control cows. Perhaps the
increased CL volume in stimulated cows compared with
controls might reﬂect an increased number of LLCs.
Conversely, based on the increased CL volume in super-
ovulated cows in relation to control, not accompanied by
a progesterone per CL change, we inferred that this could
be because of hypertrophy of LLCs (increased largest
diameter) and increased number of SLCs, as reported in the
present study. Other studies reported proliferation of the
extracellular matrix and other cells after gonadotropin
treatment [42], features that contribute to increased CL
volume.
4.1. Conclusions
The stimulatory treatment modiﬁed speciﬁc
steroidogenesis-related features (mitochondrial shape and
LLC number), and the superovulatory treatment caused
changes related to tissue proliferation (SLC number and
total mitochondrial volume). Moreover, our data clariﬁed,
from amorphologic perspective, the observed and reported
increases in plasma progesterone CL volume and better
reproductive outcomes.
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